a b s t r a c t RNA interference (RNAi) is a useful in vitro research tool, but its application as a safe and effective therapeutic agent may benefit from improved understanding of mechanisms of exogenous siRNA delivery, including cell trafficking and sorting patterns. We report the development of a transfection reagent for siRNA delivery which employs a distinctive non-digestive mode of particle-cell membrane interaction through the formation of a hemifusion complex resulting in lipid raft transport of cargo to the cytosol, bypassing the usual endosomal nanoparticle uptake pathway. We further demonstrate markedly enhanced efficacy over conventional transfection agents for suppressing endothelial cell expression of upregulated vascular adhesion molecules.
Introduction
RNA interference (RNAi) is a powerful basic research tool used for understanding how gene expression induces morphological cellular responses. However, despite much recent progress in the field [1] [2] [3] , its therapeutic promise has been difficult to realize clinically in the face of challenges of efficient and specific cell delivery methods. RNAi is a post transcriptional gene silencing pathway induced by the presence of double stranded RNA [4] . In mammalian cells, RNAi can be induced by exogenous short interfering RNA (siRNA), which incorporates intracellularly into the RNA induced silencing complex (RISC) and mediates sequence specific mRNA degradation [5, 6] . The introduction of exogenous siRNA into the cytosol is the focus of many non-viral transfection methods, and while viral mediated transfection is typically more effective, reports of severe off-target effects including death suggest the need for caution in the design and use of viral based delivery vehicles and nucleotide cargo [7] [8] [9] [10] .
Standard liposomal transfection reagents undergo clathrinmediated endocytosis in diverse cell types [11] [12] [13] [14] . The specific internalization process may depend in part on particle size [15] , composition [11] , and can be influenced by varying membrane composition among cell types [16] . In this process, clathrin coated pits are pinched off from the plasma membrane to form intracellular clathrin coated vesicles. These vesicles eventually fuse inside the cell to form endosomes and ultimately lysosomes. The active cargo delivered through this form of endocytosis must then escape from these vesicles before unavoidable reductions in pH elicit cargo degradation. (For a review of all types of endocytosis see reference [17] . ) We now report the development of a nanoparticle based siRNA delivery system, which is independent of clathrin trafficking but instead relies on lipid raft mediated internalization. As compared to clathrin-dependent endocytosis in general, lipid raft transport is less well studied, yet appears to represent a non-digestive mode of internalization that is utilized extensively by endothelial cells for cargo transport [18] [19] [20] [21] . Thus, if able to transport siRNA, lipid raft mediated endocytosis may represent an attractive delivery strategy for cytoplasmic deposition of siRNA without the need for an endosomal escape strategy.
Previous experiments in our lab have illustrated the use of molecularly targeted perfluorocarbon nanoparticles (PFC-NP) as a drug delivery vehicle both in vitro [22] [23] [24] and in vivo [25] [26] [27] [28] , but whether the same agent might be efficacious as a delivery system for nucleotides has not been shown. This nanoparticle platform is capable of multifunctional ligand/drug interactions including peptide [24] , small molecule [25] [26] [27] [28] , biological [23] and antibody cargos [29, 30] and thus may represent an economical platform for polyvalent targeting and multiplexed therapeutics. The unique mechanism governing interaction between the target cell and the nanoemulsion vehicle operates through the formation of a hemifusion complex that has been previously demonstrated [24, 31, 32] , which initiates a generalized paradigm of cytoplasmic cargo delivery employing natural membrane lipid raft kinetics and trafficking. In this report, we propose to use this non-classical pathway for nanoparticle based delivery of siRNA. We anticipate that this non-classical method of internalization might aid in the rational design of future transfection reagents by taking advantage of the cells own natural cargo internalization and trafficking machinery for cytosolic nucleotide delivery.
Materials and methods

Nanoparticle formulation
Liquid perfluorocarbon nanoparticle emulsions were formulated using methods previously developed in our laboratory [22] with the cationic lipid 1,2-Dioleoyl-3-Trimethylammonium-Propane (DOTAP, Avanti Polar Lipids, Alabaster, AL) comprising 65% of the lipid mixture, 25% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, Avanti Polar Lipids) and cholesterol comprising the remaining surfactant. Briefly, the surfactant components, perfluorocarbon, and water were sonicated and emulsified at 20,000 PSI for 4 min in an ice bath (S110 Microfluidics emulsifier, Microfluidics, Newton, MA). For fluorescent detection of nanoparticles, 0.22% 1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine-N-(Carboxyfluorescein) (Avanti Polar Lipids) was added to the surfactant layer.
Transfection complex sizing and siRNA loading
To determine particles size and siRNA loading, transfection complexes were formed by incubating PFC-NP with siRNA (siGENOME VCAM-1 siRNA2, Dharmacon, Lafayette, CO) for 40 min at room temperature in phosphate buffered saline. Particle size was measured using light scattering analysis on a Zeta Plus particle sizer (Brookhaven Instruments, Newton, MA). Unbound siRNA was removed from transfection complexes by centrifugation and run on a 5% agarose gel. siRNA quantity was measured by densitometry using the image analysis software ImageJ (NIH, Bethesda, MD). siRNA loading was calculated from the quantity of free siRNA and an siRNA standard curve. Loading charge ratio was calculated from bound siRNA with a negative charge of 42 per molecule and 304,421 positive charges per PFC-NP.
Cell culture
Mouse endothelial 2F-2B cells (ATCC, Manassas, VA) were maintained under standard cell culture conditions at 37 C with 95% air and 5% CO 2 in a humidified chamber. 2F-2B cells were cultured in DMEM supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) and 1 mM sodium pyruvate (Washington University Tissue Culture Support Center, St Louis, MO). Endothelial cell VCAM-1 upregulation was achieved by the addition of 10 ng/ml TNFa (Sigma, St Louis, MO) to the cell culture media for 24 h and confirmed by western blot analysis.
siRNA transfection
Transfections were performed under standard cell culture conditions with passage 3 2F-2B cells. Transfection complexes were formed by incubating 10 pM PFC-NP with 5 nM siRNA (siGENOME VCAM-1 siRNA2 & siCONTROL Non-Targeting siRNA 4, Dharmacon) for 40 min at room temperature in Optimem I (Invitrogen). Transfection complexes were transferred to the cells at 70-80% confluence and incubated at 37 C with 5% CO 2 for 2 h. Unbound complexes were removed by washing with PBS and cells were incubated in DMEM with 10% FBS and 1 mM sodium pyruvate for 48 h. mRNA and protein were harvested at 48 h post transfection. Viability was assessed after transfection by flow cytometry with the addition of 0.5 mM TO-PRO3 (Invitrogen). Transfections using Lipofectamine2000 (Invitrogen) were performed according to the manufactures protocol. Briefly, Lipofectamine2000 was diluted with OptimemI to a concentration of 8.4 mg/ml and incubated at room temperature for 10 min. The diluted lipid was mixed with either 5 nM or 100 nM siRNA and incubated at room temperature for 40 min before addition to cells. Transfection complexes were added to cells as described for PFC-NP.
Reverse transcription quantitative real-time PCR
RNA levels were determined from total cell RNA isolated using an RNeasy kit (Qiagen, Valencia, CA) and cDNA was transcribed using MMLV reverse transcriptase (Invitrogen). Gene expression was quantified using SYBR green detection on a 7300 System (Applied Biosystems, Foster City, CA) with gene specific primers (Quantitect Primer Assay, Qiagen). VCAM-1 expression was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to obtain relative expression values. All data is reported as an average fold change from the control, untreated sample from three separate experiments.
Western blot analysis
For protein analysis, treated cells were lysed in RIPA buffer(10 mM Tris-HCL (pH 7.5), 150 mM NaCl, 1.0% IgepalCA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM EDTA, 5% glycerol) with 1 mM PMSF and Complete Protease Inhibitor Cocktail (Roche). Proteins were resolved on a 4-15% linear gradient gel (Biorad) and transferred to a 0.45 mM nitrocellulose membrane (Invitrogen).
Immunoblotting was performed with the following primary antibodies: anti-VCAM-1 (1:200 Santa Cruz Biotechnology, Santa Cruz California), anti-GAPDH (1:1500, Santa Cruz Biotechnology). The secondary antibody used was anti-rabbit HRP (1:5000, Santa Cruz Biotechnology) which was developed with ECL Western Blotting Substrate (Pierce, Rockford IL). Percent knockdown of VCAM-1 was calculated using densitometry from the western blot image with ImageJ(NIH). All data is reported as an average fold change from the control, untreated sample from three separate experiments.
Mechanisms of siRNA delivery
For confocal analysis of siRNA/nanoparticle trafficking, fluorescently labeled siRNA (siGLO mouse Lamin A/C siRNA, Dharmacon) and/or fluorescently labeled nanoparticles were used to form transfection complexes as described above with the following modifications. Cells were plated in delta T culture dishes (Bioptechs,Bulter, PA) and incubated with 25 pM nanoparticles plus 12.5 nM siRNA for 2 h. After the removal of transfection complexes from the plates, cells were cultured in 2F-2B media under standard conditions for 2 h. Cells were fixed in 4% paraformaldehyde at 37 C for 10 min and visualized via confocal microscopy (Zeiss Meta 510, Thornwood, NY).
To determine the endocytic processes that may be involved in cytoplasmic siRNA delivery, experiments were performed at three temperatures (37 C, 4 C and 17 C). Co-localization of fluorescently labeled siRNA with common pathway markers of macropinocytosis (70 kDa dextran-FITC, 2.5 mg/ml, Sigma), clathrinmediated endocytosis (transferrin-AlexaFluor488, 100 mg/ml, Invitrogen), and lipid raft/caveolae mediated endocytosis (cholera toxin subunit B-AlexaFluor488, 1 mg/ ml, Invitrogen) were evaluated via confocal microscopy. Lipid raft staining was performed with cholera toxin subunit B according to the lipid raft labeling kit protocol (Invitrogen) which includes incubation at 4 C to maintain staining on the cell membrane and prevent internalization of the marker.
Results
Perfluorocarbon vehicle physical characterization
To immobilize siRNA on PFC-NP, liquid perfluorocarbon nanoparticle emulsions were formulated by methods previously developed in our laboratory [22] with the use of the cationic lipid 1,2-Dioleoyl-3-Trimethylammonium-Propane (DOTAP) comprising 65% of the lipid mixture, and with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, 25%) and cholesterol comprising the remaining surfactant components of the lipid monolayer. PFC nanoparticles exhibited an average diameter of 296.9 AE 4.9 nm (average AE standard error), and an average of 304,421 positive charges per nanoparticle (DOTAP valence ¼ þ1). To visualize the lipid membrane of the perfluorocarbon vehicle, a lipid with a fluorescently labeled head group (1,2-dioleoul-sn-glycero-3-phosphoethanolamine-N-(carboxyfluorescein)) was incorporated into the surfactant layer (Fig. 1) .
Transfection complexes were formed through electrostatic interactions between the negatively charged phosphate backbone of the siRNA and the positive head group of the DOTAP lipid within the surfactant layer of the nanoparticles (Table 1) . Transfection complex diameter as measured by dynamic light scattering exhibited stable particle sizes at the lower bulk concentrations of siRNA (Table 1) , while siRNA loading as measured by densitometry revealed increased siRNA loading with increasing bulk siRNA concentration. The optimization of particle loading versus stability also mandates consideration of the fact that a net positive particle charge would favor interactions with the negatively charged constituents of the cell membrane, including glycosaminoglycans and proteoglycans, which could promote cargo delivery [33] [34] [35] [36] [37] [38] . Towards this end, a transfection complex ''charge ratio'' was calculated from the average number of positive charges per particle (valence ¼ þ304,421) and the siRNA loading of each condition. The transfection complex size appears reasonably stable for loading conditions which retain a net positive particle charge (Table 1 , loading ratio > 1), so further experiments were carried out with 10 pM nanoparticles plus 5 nM siRNA.
Nanoparticle based siRNA delivery
A fluorescently labeled siRNA was incubated with carboxyfluorescein labeled cationic nanoparticles and the resulting transfection complexes were incubated in low serum media under standard cell culture conditions (37 C/5% CO 2 ) for 2 h to delineate the interaction of transfection complexes with mouse 2F-2B endothelial cells. Unbound particles were removed by vigorous washing, and media containing 10% serum was added to the cells. When observed immediately after the adding the serum containing media, both the siRNA (red) and nanoparticle (green) labels were co-localized at the cell membrane with little intracellular fluorescent signal apparent (2 h, Fig. 2 ). This behavior accords with the previously described spontaneous formation of cell-nanoparticle hemifusion complexes which occur without the expenditure of energy [31, 32] . By 4 h after transfection, intracellular co-localization of siRNA and nanoparticles was apparent (Fig. 2) , indicating internalization of the transfection complexes.
The delivery of functional siRNA was defined for both mRNA and protein levels using SYBR green real time PCR and western blot analysis respectively. In these experiments, 2F-2B cells were treated for 2 h with 10 pM cationic nanoparticles complexed with 5 nM of either an siRNA to VCAM-1 or an irrelevant siRNA, followed by removal of the transfection reagents and subsequent incubation in cell culture media for 48 h. Cells treated with VCAM-1 siRNA exhibited a significant decrease in VCAM-1 mRNA levels after 48 h to 28.1 AE 6.7% of the baseline level as compared with cells without treatment and for cells treated with the irrelevant siRNA (Fig. 3) . At 48 h post-incubation, corresponding VCAM-1 protein levels also manifested a significant decrease to 14.8 AE 0.7% of baseline versus untreated cells or irrelevant siRNA.
Cellular viability was defined by measurements of membrane permeability after the addition of the dye TOPRO3. Cationic nanoparticles loaded with 5 nM VCAM-1 siRNA demonstrate a small, but significant decrease in viability vs. no treatment (87.9 AE 1.9% vs. 96.0 AE 1.0%). However, this effect does not appear to reflect an offtarget siRNA effect, but more likely the cationic composition of the nanoparticles because both VCAM-1 and irrelevant siRNA produced similar small changes in viability (Fig. 3 ). We have previously tested non-cationic targeted nanoparticles that exhibit a net negative charge (zeta potential ¼ À34 mV in water [27] ) and observed no significant effect on viability [22] . Thus, we postulate that the cationic lipid composition of the siRNA binding vehicles elicits a mild effect on viability in vitro under conditions of nanoparticle excess, which is consistent with the prior reports of cationic lipid effects in vitro. Interestingly, a protective effect on cell viability for the siRNA complexed cationic nanoparticles was observed versus the cationic particles alone (Fig. 3) .
Transfection reagent comparison
For comparative transfection analysis, the commercially available transfection reagent Lipofectamine2000 was used to transfect 2F-2B cells with VCAM-1 siRNA. The levels of VCAM-1 mRNA determined by real time PCR measured 48 h after transfection indicate that two Lipofectamine2000 transfection conditions manifested significantly higher VCAM-1 mRNA levels than did cells treated with siRNA-nanoparticles (Fig. 4 , relative to baseline: Table 1 Characterization of transfection complexes. Transfection complexes were formed by adding 10 pM perfluorocarbon nanoparticles to the indicated amount of siRNA (siRNA Concentration). Particle diameter as measured by light scattering exhibits an increase in transfection complex size with increasing bulk siRNA concentration. siRNA loading onto nanoparticles is described as number of siRNA molecules per nanoparticle. Nanoparticle siRNA loading increases as the amount of siRNA in solution increases. Transfection complex charge ratio was calculated from the average number of DOTAP molecules per nanoparticle (304,421) and a negative charge of 42 per siRNA molecule. Particle diameter is reported as average AE standard error.
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90.9 AE 1.4% with 5 nM siRNA þ Lipofectamine2000, and 70.3 AE 5.7% with 100 nM siRNA þ Lipofectamine2000, and 28.0 AE 6.7% with 5 nM siRNA þ PFC-NP). However, the preparations of Lipofectamine2000 used in these experiments were sufficient to decrease the LaminAC mRNA levels of C32 (human melanoma) cells to 47.7% and 32.0% when complexed to 5 nM and 100 nM LaminAC mRNA respectively, which is consistent with other reports of Lipofectamine2000 efficacy in non-endothelial cell types (Kaneda et al. unpublished results). Accordingly, the PFC delivery system functions substantially better than does Lipofectamine2000 for endothelial cell transfection (Fig. 4) . The diameters of the Lipofectamine2000 transfection complexes measured with dynamic light scattering revealed that under all of the experimental conditions the Lipofectamine2000 complexes were significantly larger (p < 0.05) than the nanoparticles alone, or nanoparticles with 5 nM siRNA (Fig. 4) . The nanoparticle based transfection complexes were on the scale of hundreds of nanometers, while the Lipofectamine2000 complexes were tens of micrometers. We note that the size of the Lipofectamine2000 transfection complexes is standard for these types of lipid systems, and that it has been shown that particle size can be sufficient to affect the eventual mode of endocytic uptake [15] . The difference in size of these complexes represents one source of the differing interactions with the cell membrane and subsequent downstream mechanisms of intracellular trafficking and transfection efficiency between the two systems.
Mechanisms of intracellular siRNA transport
To further elucidate the differences between PFC-NP mediated and Lipofectamine2000 mediated siRNA delivery, transfection complexes were added to 2F-2B cells under conditions of broad inhibition of energy requiring processes (4 C) and inhibition of endocytosis (17 C). As compared with standard cell culture conditions (37 C), where both siRNA and nanoparticle lipids were internalized by 4 h post transfection, inhibition of endocytic and energy requiring processes inhibits internalization and leads to the accumulation of siRNA and nanoparticle components at the cell membrane (Fig. 5 ). These observations confirm that while active cellular processes do not drive the initial interaction of transfection complexes with the cell membrane, the subsequent internalization of both the siRNA and lipid components of PFC-NP involves an energy dependent transport process.
To define the mechanism of internalization of siRNA, transfection complexes were prepared with fluorescently labeled siRNA (red -DY-547), and 2F2B cells were subjected to co-labeling with selected markers of endocytic pathways (green): macropinocytosis (70 kDa dextran), clathrin-mediated endocytosis (transferrin), and lipid raft/caveolae mediated endocytosis (cholera toxin B). In contrast to cationic liposomes or particles, which typically enter cells through clathrin-mediated endocytosis, siRNA delivered with PFC-NP do not co-localize with transferrin (Fig. 5) , which serves as a common pathway marker for this classical mechanism of endocytosis. Additionally, internalization of PFC-NP/siRNA transfection complexes does not involve macropinocytosis in view of the lack of co-localization of the siRNA with dextran. However, siRNA colocalizes strongly with lipid rafts on the cell membrane, and to a lesser extent with intracellular caveolae, suggesting that PFC-NP mediated siRNA delivery occurs by an energy requiring lipid raft associated process (Fig. 5) . This observation implies a distinctive initial lipid raft mediated entry process, although the subsequent downstream intracellular trafficking steps associated with such a mechanism remain to be defined [39] . Additionally, the size of PFC-NP/siRNA complexes employed in these experiments (292.8 nm, Table 1 ) is consistent with published data in which particles larger than 200 nm are internalized via caveolae [15] . 
Discussion
The materials and methods reported herein employ a synthetic perfluorocarbon nanoparticle approach to cellular delivery of nucleic acids. Previous experiments in our lab have illustrated the use of molecularly targeted PFC-NP as a drug delivery vehicle both in vitro [22] [23] [24] and in vivo [25] [26] [27] [28] , but whether the same agent might be efficacious as a delivery system for nucleotides has not been shown. The present data, in concert with other reports on peptide [24, 40] , small molecule [25] [26] [27] [28] , biological [23] , and antibody [29, 30] cargos, suggest that this system is capable of multifunctional ligand/drug interactions and thus may represent a economical platform for polyvalent targeting and multiplexed therapeutics. We speculate that the unique mechanism governing interaction between the target cell and the vehicle through the formation of hemi-fusional complexes demonstrated previously [24, 31, 32] , which initiates a generalized paradigm of cytoplasmic cargo delivery associated with natural lipid raft kinetics.
In these experiments, we modified the basic PFC-NP platform for delivery of siRNA by doping the lipid monolayer of the nanoparticle with a cationic lipid (Fig. 1) , which imparted an overall average positive valence of w300,000 per particle. Spontaneous interactions between the negatively charged siRNA and the positively charged particles promoted the formation of stable transfection complexes. We evaluated optimizing conditions for loading of siRNA onto the particles by controlling the bulk siRNA concentration in solution ( Table 1 ). The transfection complex appears to be more size stable while the overall charge of the transfection complex remains positive. This characterization is also advantageous for interaction with negatively charged components of the cell membrane [33] [34] [35] [36] [37] [38] .
The putative lipid vesicle/lipid membrane interaction that occurs when the particles come into contact with the targeted cells has been described for this class of vehicles previously [24, 31, 32] , although principally for molecularly targeted constructs where binding initiates the formation of a hemifusion stalk that is then driven to completion by the energy stored in the nanoparticle lipid monolayer. Regardless, once interactions with the cell membrane have been established, the siRNA complexed to the cationic lipid anchor is eventually internalized into the cytoplasm (Fig. 2) , which Fig. 3 . Effective siRNA mediated VCAM-1 knockdown with perfluorocarbon nanoparticles. Mouse endothelial cells were treated with transfection complexes (10 pM cationic nanoparticles þ 5 nM siRNA) for 2 h under standard cell culture conditions. 2F-2B cells transfected with 10 pM perfluorocarbon nanoparticles þ 5 nM anti-VCAM-1 siRNA show a decrease in VCAM-1 mRNA level (28.1 AE 6.7%) vs. both irrelevant siRNA (81.8 AE 7.3%) and no treatment controls (100%). VCAM-1 protein levels at 48 h postincubation follow the same trend (VCAM-1: 14.8 AE 0.7%, irrelevant siRNA: 87.7 AE 4.9% and no treatment control: 100%). Short term membrane permeability (viability) was measured after treatment via flow cytometry with TOPRO3. Loading of perfluorocarbon nanoparticles with siRNA exerts a protective effect on cell viability versus cationic particles alone. * denotes p < 0.05 vs. no treatment control using a two tailed student's t-test. Data are presented as average AE standard error. Fig. 4 . Perfluorocarbon nanoparticle-based siRNA transfection efficiency exceeds that of Lipofectamine2000. 2F-2B cells were transfected with anti-VCAM-1 siRNA under the following conditions: 10 pM perfluorocarbon nanoparticles þ 5 nM siRNA (PFC-NP), Lipofectamine2000 þ 5 nM siRNA, or Lipofectamine2000 þ 100 nM siRNA. VCAM-1 mRNA levels (graphed as average þ standard error) determined by real time PCR indicated that the decrease in VCAM-1 mRNA level 48 h post-incubation with PFC-NP is significantly lower than that under both Lipofectamine2000 conditions (3.3 fold decrease vs. Lipofectamine2000 þ 5 nM siRNA and 2.5 fold decrease vs. Lipofectamine2000 þ 100 nM siRNA). Transfection complex size for perfluorocarbon nanoparticles and complexes of nanoparticles and siRNA are significantly smaller than those for the Lipofectamine2000 conditions. * denotes p < 0.05 vs. perfluorocarbon nanoparticles þ 5 nM siRNA using a two tailed students t-test. y denotes p < 0.05 vs. Lipofectamine2000 alone. Data are presented as average AE standard error. is necessary for siRNA to engage the RISC complex. Effective siRNA delivery was confirmed both at the mRNA and protein levels for the VCAM-1 siRNA/PFC-NP transfection complexes (Fig. 3) .
In contrast to the present PFC-NP delivery mechanism, cationic liposome mediated nucleotide delivery relies primarily on clathrinmediated endocytosis as its main mode of internalization [11] [12] [13] [14] . Clathrin coated vesicles traffic to late endosomes where their contents are subject to lysosomal degradation. Thus, effective nucleotide delivery through this pathway requires an endosomal escape step which must take place before the nucleotides degrade under low pH conditions [20] . Lipid rafts are hydrophobic membrane domains present in large quantities on the plasma membrane of endothelial cells [16, 41] . Their contents may not undergo transport to endosomes or lysosomes [19] , but instead may be transported directly to the endoplasmic reticulum or golgi [42] . This distinction in vesicular trafficking makes lipid raft mediated endocytosis attractive as a possible non-digestive mode of internalization [20] .
This unique delivery mechanism far exceeds the capacity of Lipofectamine2000 to deliver siRNA to this specific cell type. This could be a result of the relatively high lipid raft content of endothelial cells resulting in increased transport of cargo through this pathway leading to greater cytoplasmic siRNA versus delivery methods employing clathrin-mediated endocytosis. Whether specific molecular targeting would augment delivery efficacy is a subject of current interest.
Conclusions
These data accord with prior reports of negatively charged perfluorocarbon nanoparticle mediating drug delivery by association of lipid raft components on the cell membrane. Subsequent internalization and delivery to the cytosol may proceed without trafficking to the Golgi or endoplasmic reticulum due to minimal intracellular co-localization of transfection complexes that serve as standard markers for this pathway, indicative of the specialized sorting capability of this modified particle. Once interactions with the cell membrane have been established, the siRNA complexed to the cationic lipid anchor is subsequently internalized into the cytoplasm, which is necessary for siRNA functional interactions. Fortuitously, the cells that are often most difficult to transfect (endothelial cells) contain abundant endogenous machinery for lipid raft mediated transport, which could render this approach ideal for transfecting vascular targets.
